Exposure to high levels of road traffic noise at the most exposed building facade is increasing, both due to urbanization and due to overall traffic increase. This study investigated how different noise reduction measures would influence the noise exposure on a city-wide scale in Gothenburg, a city in Sweden with approximately 550,000 inhabitants. Noise exposure was estimated under several different scenarios for the period 2015-2035, using the standardized Nordic noise prediction method together with traffic flow measurements and population statistics. The scenarios were based on reducing speed limits, reducing traffic flows, introducing more electrically powered vehicles and introducing low-noise tires and pavements. The most effective measures were introducing low-noise tires or pavements, which in comparison to business as usual produced between 13% and 29% reduction in the number of inhabitants exposed above 55 dB equivalent level.
Introduction
It is well-established that traffic noise can cause adverse health effects (Fritschi et al., 2011; Stansfeld, 2015; Münzel et al., 2014) . In many cities a large part of the population is exposed to high noise levels at their homes, and for the majority of these road traffic is the principal noise source. With continuing urbanization and population growth, traffic noise is a growing problem.
Increased road traffic in urban areas has long been an environmental concern. If measures such as modal shift (moving transport from roads to railway, pedestrian and bicycle traffic) can indeed reduce the amount of road traffic, the problem will decrease in the future. However, so far road traffic is still increasing and is expected to continue to increase for a long time (Capros et al., 2016) . If road traffic increases, then the reduction of noise exposure requires measures to be taken at the source. However, noise emission per vehicle has not changed significantly since the early seventies (Sandberg et al., 2006; Sandberg, 2001) . On the other hand, there has been success in reducing air pollution emissions from road traffic; in Gothenburg, nitrogen oxide levels from road traffic have decreased by more than 60% between 1983 and 2007 (Molnár et al., 2015) . This is an example of a reduction of environmental impact that has been achieved by measures directed at reducing the emission at the source, and it has been effective in spite of increasing traffic over the period.
In this study our aim was to investigate the effectiveness of different noise reduction strategies, focusing on traffic flow, possible reductions of noise emission from road vehicles and restrictions on new residential buildings. The study was conducted in Gothenburg, a medium sized port city on the west coast of Sweden with approximately 550,000 inhabitants. Using population data, a database of traffic flow measurements and a noise prediction method we estimate the noise exposure in the period 1975 -2015, examine several different scenarios for the period 2015 -2035 and consider their feasibility. Our main outcome was the number of inhabitants exposed above 55 dB equivalent level on the most exposed façade of the dwelling. We choose this level since it is often used as a target level for new dwellings in Sweden, but the results are presented for other equivalent levels and the European noise indicator L den (ISO, 2016) as interactive plots. The exposure across the whole city was taken into account, making it possible to compare local measures such as low-noise pavements to global approaches such as using a higher percentage of electric vehicles.
Previous research has shown that the strategies which address the noise at the source are often the most effective (Herman, 1998; Nijland et al., 2003; Kropp et al., 2007; Den Boer and Schroten, 2007) , but there are many ways to do this. Driving behavior, tire and pavement properties, vehicle design and speed are the most important parameters (Sandberg and Ejsmont, 2002) . This paper extends the scope of previous research by analyzing the effect of such measures in a complex city environment complete with diverse traffic situations, varying population density and different building structures.
The different noise reduction scenarios are divided into those that reduce rolling noise from traffic, i.e. low noise tires and pavements, and others that affect the propulsion noise, the traffic flow or the population distribution. Rolling noise is the most important noise source for higher speeds, but propulsion noise is also important at lower speeds, especially for heavy vehicles (Sandberg and Ejsmont, 2002) .
Reducing the rolling noise can be achieved by using low noise tires or pavements. Low noise pavements can be either elastic, such as rubberized asphalt, or porous as porous or drain asphalt, or both (poroelastic pavements). Rubberized asphalt is already in use in many areas (Vázquez and Paje, 2016; Licitra et al., 2015; Sandberg, 2010) , and reductions compared to standard pavements are in the order of 3 -10 dB. Porous asphalt is also in use and reductions are in the same range, and poroelastic surfaces can give even higher reductions but are at the research stage (Sirin, 2016; Ohiduzzaman et al., 2016; Goubert and Sandberg, 2010) .
Low noise tires are already available in different forms and the reduction that can be achieved is between 3 and 5 dB (Sandberg et al., 2006; Heutschi et al., 2016) . Research prototypes have achieved more than 10 dB reduction compared to standard tires (Sandberg, 2009; Larsson, 2003) .
Methods

Noise emission
The calculations of noise levels were based on the Nordic prediction method for road traffic noise (Jonasson and Nielsen, 1996) . This method calculates the equivalent sound pressure level at a receiving point based on traffic flow, distribution between light and heavy vehicles and posted speed limits for road traffic in the vicinity of the receiver. The method also calculates the effect of propagation distance, ground effect, reflections and screening; both by terrain, by buildings and noise barriers.
As previously demonstrated (Sandberg et al., 2006; Sandberg, 2001) , the noise emission per vehicle did not change much between 1975 and 2005 in Denmark and Sweden. There was even a slight increasing trend for light vehicles; but this observation is uncertain and we assume no change for light or heavy vehicles in typical traffic conditions in Sweden from the start of our period in 1975 and until 2015. It is, however, worth asking what will happen in the future?
Our basic noise prediction method can only predict the total noise emission from the combination of all sources due to road traffic. In order to model the effect of changing only the tire/road noise (lownoise tires or pavements) or the propulsion noise (electric vehicles) we used results from the FOREVER project (Pallas et al., 2014) . In this European research project, noise measurements and calculations were performed for electrical and hybrid vehicles and the results were compared to vehicles with traditional internal combustion engines (ICE). In order to separate propulsion noise from rolling noise, the source model of the official European noise calculation method Cnossos-EU (European Commission, 2015) was used. The uncertainty of the recommended values is higher for heavy vehicles than for light vehicles, since the number of measurements performed within the project was lower for heavy vehicles. The resulting overall relation between propulsion noise and rolling noise translated to sound exposure levels (SEL) used in the Nordic prediction method (Jonasson and Nielsen, 1996) is presented in Table 1 .
Use of electric vehicles will dramatically reduce the propulsion noise, which will reduce the total noise emission significantly at low speeds. Based on measurements and calculations from the research project FOREVER (Pallas et al., 2014) we estimate how much noise reduction that can be achieved. According to FOREVER the total noise emitted by electrical light vehicles is 2.7 dB lower at 30 km/h but only 0.4 dB lower at 110 km/h. For heavy vehicles we estimate a reduction of 10 dB at 30 km/h and 1.5 dB at 90 km/h based on results from the FOREVER report (Pallas et al., 2014) , but as explained above the uncertainty is higher for heavy vehicles.
It may seem odd that the propulsion noise component in Table 1 is slightly higher at 30 km/h than at 50 km/h. This follows from the Nordic method (Jonasson and Nielsen, 1996) , and can be explained by the fact that the average vehicle uses a gear that gives higher engine speed, and also that vehicles more often accelerate and decelerate while driving at low speeds.
Noise exposure
When the noise emissions had been determined, noise propagation calculations were used to sum up all contributions at the receiver locations. The attenuation during propagation from source to receiver is determined by distance, terrain shape, noise barriers, ground effect, reflections at building façades and the intrinsic air attenuation (Jonasson and Nielsen, 1996) . Reflection at façades is particularly important in urban canyon situations, where the sound energy can be reflected multiple times between parallel façades. Since we do not have complete information on the position and height of every building façade over the whole time period we have simplified the calculations, using a correction for the increase in noise level in urban canyon situations (Ögren and Barregard, 2016) .
In order to estimate the noise exposure of the population it is necessary to have population data. We used the total number of inhabitants in 100 m squares every five years from 1975 to 2015 as our base statistics, and then used an algorithm to calculate how many inhabitants were exposed in each square. This algorithm distributes inhabitants evenly over the area of the corresponding square not occupied by roads and uses a numerical integration scheme to estimate noise levels (Ögren and Barregard, 2016) . For each square the population density was integrated over the part of the square where the noise levels exceed 55 dB. The total number of exposed over the whole city was calculated as the sum of the exposed populations in all squares. Compared to official estimates for Gothenburg this method underestimates the number of people exposed above 55 dB by 11% (Ögren and Barregard, 2016) .
For the time period 2015 -2035 a new noise exposure calculation was performed with updated traffic, noise emission and population data as described in the scenarios below for every five years. The same noise propagation method and noise exposure estimation were used for the future scenarios as for the period 1975 -2015.
The relative noise exposure was also assessed using the G den indicator (Licitra and Ascari, 2014) , which is an index based on the number of exposed people in relation to the total population, with a higher weighting for the more highly exposed groups. It can be considered as an equivalent level over the population instead of over time. It is based on the European noise indicator L den , which is an A-weighted equivalent noise level with a penalty for nighttime and evening traffic. For a typical Swedish traffic distribution over 24 h L den is approximately the equivalent level plus 3 dB (Jonasson and Gustafsson, 2010 
). (Pallas et al., 2014) and adapted to the Nordic method for predicting noise from traffic (Jonasson and Nielsen, 1996) . ICE = internal combustion engine. Heavy vehicles are restricted to speeds equal to or below 90 km/h in Sweden, and therefore no values are presented for 110 km/h. 
Scenarios
Our aim was to study how the noise exposure in Gothenburg has changed over time, and how effective different strategies can be at reducing noise exposure. For the period 1975-2015 we used previously published exposure estimates (Ögren and Barregard, 2016) , and for the period 2015-2035 we used the scenarios described below. Our business as usual scenario assumes an increase in traffic flow of 1.4% yearly, evenly distributed over the road network, and a population increase of 0.8% yearly, evenly distributed over all populated squares. These values represent an extrapolation of the population and traffic increase in the period 1975-2015.
The first scenario was a) new residential development in quiet areas only. This scenario assumed that all new residential developments in the city occur only in quiet areas, where all façade levels are below 45 dB. This is not a realistic scenario when land use limitations are taken into account, but is interesting since it represents the maximum effect that can be achieved with restrictions on new dwellings, the traditional political approach in Sweden to keep noise exposure under control. The scenario indirectly assumed that no increase in population would occur in noisy areas.
Promoting the use of low-noise tires is a possible noise reduction measure. This is represented in scenario b) low-noise tires. This scenario assumed that all new tires fitted on vehicles after 2015 are either 3 or 5 dB quieter than the average tire in use during 2015. A report on tire/ road noise from the EU estimates 5 dB as a viable reduction of rolling noise using technology already available on the market (Sandberg et al., 2006) , but a more recent article estimates that the reduction potential is closer to 3 dB (Heutschi et al., 2016) . We assumed that 20% of the tires in traffic are worn out and replaced every year, that is, that the average lifespan of a set of tires is five years. According to statistics from the European Tire & Rubber Manufacturers' Association (ETRMA) 252 million passenger car tires were sold in Europe during 2012 and the total passenger car stock was 274.2 million vehicles, which translates to approximately 23% of all tires being replaced if we assume four tires per passenger car (European Tire, 2014) . Assuming 20% yearly replacements is a conservative estimate for heavy vehicle tires, as they are replaced more often on average, but for simplicity we also assume 20% per year for heavy vehicle tires.
Electric vehicles are handled in scenario c) electric vehicles. During 2015 approximately 0.1% of all passenger cars in Sweden were battery powered electric vehicles (Myhr and Svahn, 2016) . In Norway the figure is 2%, and 25% of all newly registered light vehicles in 2015 were electric (Statistics Norway, 2017) . This scenario assumed the same development for Sweden, with 25% of all new light vehicles being electric starting from 2015. According to official statistics (Myhr and Svahn, 2016) new registrations amounted to approximately 8% of all vehicles in traffic in 2015, and we assumed this remains true between 2015 and 2035. To estimate how much quieter electric vehicles are at different speeds we used the data from table 1.
Reducing speed is another way of reducing noise emission from traffic. In scenario d) speed reduction the posted speed limit was lowered by 10 km/h for all roads with a posted speed limit of 40 km/h or above, so roads with a posted speed limit of 20 or 30 km/h were unaffected. The scenario also assumed that this change in posted speed limits would be immediately reflected in the actual speed of vehicles in traffic.
Reduced traffic flows were analyzed in scenario e) traffic reduction. Although most publicly available predictions of future traffic flows in Sweden tend to show an increase of 1 -2% per year (Capros et al., 2016; , the growth in traffic flows must start to come down if Sweden is to fulfill its official climate goals (Miljö-och jordbruksutskottet, 2009) . A report by the Swedish transport administration (Trafikverket, 2016) includes a traffic scenario which stipulates that light vehicle traffic in Sweden must be reduced by about 30% over 20 years (-1.8% per year). Truck transport is estimated to increase by 15-30% and bus travel by over 110% for the same period. According to the report (Trafikverket, 2016) it will be impossible to achieve the climate goals using current technology, and electric propulsion for a large part of the vehicle fleet is necessary. However, in order to separate this scenario from scenario c) we assumed no noise benefit of electrical vehicles in this scenario.
Low-noise pavements are used in many parts of Europe as a noise reducing measure. A recent state of the art review found that noise reductions compared to standard asphalt up to 7 dB can be achieved with porous asphalt, and even higher reductions are possible with poroelastic and rubberized pavements (Vázquez and Paje, 2016; Licitra et al., 2015; Sirin, 2016; Ohiduzzaman et al., 2016) . Trials in Sweden indicate that approximately 6 dB reduction can be expected over the lifetime of a double layer porous asphalt for Swedish conditions (Ahmed, 2015; Jacobson and Viman, 2015) . Our scenario f) low-noise pavement assumed that 50% of all new asphalt being laid in Gothenburg is of the double layer porous type for roads with a posted speed limit of 70 km/h or above. In a second variant of the scenario we assumed the same for all roads with lower speeds as well. Approximately 5% of all asphalt pavements are renewed every year. We assumed that 2.5% of the road network is converted from standard asphalt to low-noise pavement every year from 2015, starting with the roads links that have the highest number of inhabitants within 200 m of the road. At the end of the study period in 2035 this corresponds to low-noise pavements in 50% of the total network with a posted speed limit ≥ 70 km/h, and in a second step for the rest of the network as well.
For the business as usual scenario, and for scenario b, c, e and f, the key parameters used in our calculations are presented in Table 2 . The values are expressed in relation to the situation at the starting year 2015, or as a proportion of the vehicle fleet or the total length of the road network.
Another common noise reducing measure is to erect noise barriers, either as screens or earth berms. We have not included a scenario for noise barriers though, since it is much more difficult to select the areas where they potentially would be most beneficial. For low-noise pavements all inhabitants in the vicinity of the road section will benefit, but for barriers only those dwellings which are close to the barrier and visible from the road will benefit. In a situation with residential buildings situated on a hill it may be impossible to build a barrier that is high enough to create an acoustic shadow zone at the dwellings even if they are located close to the road. The major noise barriers in the city are included in the model from the year when they were erected, but no new noise barriers have been added after 2015 (Ögren and Barregard, 2016) .
Results
The main results are presented as the number of inhabitants with an equivalent noise level at the most exposed façade of their dwelling ≥ 55 dB for each of our scenarios. The business as usual scenario is included in Fig. 1 and 2 together with the results for each scenario. For business as usual the number of exposed inhabitants is continually increasing in line with the increasing traffic and population, from 93,000 in 1975 to 210,000 in 2035. For the period 1975 -2015 the data are based on traffic measurements and population statistics (Ögren and Barregard, 2016) . For scenario a) new residential development in quiet areas the number of exposed inhabitants increases over time. Compared to the business as usual scenario the growth rate is lower. Stopping population increase in exposed areas is not a very effective abatement solution on its own, since those already living in such areas will be more and more exposed as the traffic continues to increase. In principle scenario a) demonstrates the contribution of traffic increase without a population increase, since all population increase occurs in quiet areas in this scenario.
Scenario b) low-noise tires shows the powerful effect on noise exposure of reducing the tire/road noise by 3 dB or 5 dB for all new tires. Even though the effect of propulsion noise is taken into account, which means that the total noise is often reduced by far less, especially for heavy vehicles and slow speeds, the effect is still very prominent. Ten years after introducing the reduction for all tires the exposure reaches its minimum, 12% lower than the starting year for the 5 dB reduction. For a reduction of 3 dB the effect is not as pronounced, approximately half of the reduction in terms of the number of exposed. Note that after a number of years almost all tires will be replaced, and the curve returns to an increasing trend with the same slope as the business as usual scenario, as traffic and population continue to increase, but at a lower level.
Introducing electrical vehicles would have only a minor impact on noise exposure, as shown by (scenario c) electric vehicles). In contrast to scenario b), scenario c) involves a reduction of propulsion noise without changing the rolling noise. Note that this result is valid for noise levels at the most exposed façade outdoors, and there is probably a larger improvement for indoor levels since they are more affected by low frequencies. In order to reduce noise exposure it would be best if electrical vehicles in the future could be equipped with low-noise tires, and this strategy is already part of the Swedish national electrical vehicle procurement initiative (Elbilsupphandling, 2015) . Reducing the speed limit for most roads by 10 km/h as in scenario d) speed reduction gives an immediate reduction of approximately 20% in the number of exposed inhabitants, but since future increases in traffic and population are the same as the business as usual scenario, the number of exposed increases with the same slope after the introduction of the new speed limits.
Decreasing light vehicles as in scenario e) traffic reduction would cause almost no change in the number of inhabitants exposed, as the effect of reducing the traffic would be balanced by the increasing population. Note that the heavy vehicle traffic is still increasing in this scenario, but since the traffic is dominated by light vehicles the net effect is a reduction of the noise emission. In other less urbanized areas along highways this might not be true, since the proportion of heavy vehicles is often much higher in such cases.
For scenario f) low-noise pavement the effect was most prominent in the beginning of the period. After 2025 the road links that expose most inhabitants have already been converted, and repaving road links less populated areas gave only a marginal improvement. Another benefit of using low-noise pavements is that those who are highly exposed close to a road link that gets converted immediately receive the full benefit of noise reduction, whereas in the low-noise tires scenario the change would be gradual.
There was a large difference between the primary scenario where only roads with posted speed limit of 70 km/h were converted and when all roads are addressed. Already five years after the starting year the scenario represents the best measure in terms of the number of exposed even if only 12% of the pavements are converted to low-noise.
The results presented above show only the number of exposed inhabitants above 55 dB. In Table 3 the results are instead presented in 5 dB intervals as the ratio of the number of exposed in each scenario to the business a usual scenario, which makes it possible to see in which noise intervals the changes are most pronounced. The results are shown for the end of the study period (2035).
From Table 3 it is evident that all scenarios have a bigger relative impact on the higher exposure bands. The scenarios that address the tire/road noise source, c) and f), are most efficient at high vehicle speeds, and thus have the strongest effect in the highest exposure categories. Also note that scenario f), low-noise pavements, is almost as effective as the global reduction by 3 dB in scenario c) but does not require the whole vehicle fleet to change their tires.
In Fig. 3 , the noise indicator G den is plotted for the business as usual Fig. 1 . Estimated number of inhabitants (thousands) exposed to A-weighted equivalent noise levels (24 h) from road traffic at the façade above 55 dB. Results for measures related to the rolling noise, low-noise tires (scenario b) and low-noise pavements (scenario f). 
Table 3
Ratio of the estimated number of exposed for each scenario to the business as usual scenario in equivalent level categories at the end of the study period (2035). Ögren et al. Environmental Research 164 (2018) 516-521 scenario together with scenario b) quiet tires (-5 dB) and f) low-noise pavement (all roads). Four other cities of approximately the same population size as Gothenburg are also included from the officially reported END data for 2012 (Nugent, 2014) . The difference between the G den calculated from officially reported data for Gothenburg and our calculations is due to the simplifications used in our method. The predicted changes in G den are less prominent for the presented scenarios than the changes in the number of exposed. This can be explained by the increasing number of exposed at lower levels who still contribute to the overall G den , but not to the number of exposed above a certain threshold.
Combining the estimated effect of different scenarios is straight forward in some cases, and less so in other cases. For example reducing speeds by 10 km/h, scenario d), and simultaneously reducing the traffic flow, scenario e), would lead to independent effects. The low-noise tires scenario is however difficult to combine with the low noise pavement scenario. The noise reduction of low-noise tires is determined on standard asphalt, and the complex interactions with other pavements will most likely make the tires less effective on low noise pavements compared to standard tires and vice versa.
If we estimate that the total reduction of using both low-noise pavements and low-noise tires is approximately 8 dB instead of the 11 dB that would be the case if the effects were independent, we can estimate the effect in an all inclusive scenario where all of the above noise reducing measures are implemented simultaneously. This would results in a dramatic reduction in the number of exposed above 55 dB of 73% in 2035 compared to the business as usual scenario.
Discussion
This study simulated the effects of various noise abatement strategies on population-weighted exposure to road traffic noise in a mediumsized Swedish city. The most interesting finding is that reducing the rolling noise by introducing low-noise emission tires or low-noise pavements would have a rapid and dramatic effect on road traffic noise exposure. In contrast, strategies aimed only at separating new residential areas from roads with dense traffic or introducing electrical vehicles would cause only a limited improvement of the situation compared to business as usual.
A global reduction of the speed by 10 km/h would also have a relatively strong effect, but after 20 years the number of inhabitants exposed would be back at the same level as in 2015 due to increased traffic and population. Reducing the traffic in line with the climate scenario of the Swedish transport administration would result in almost no reduction in the number of exposed inhabitants over the time period.
The fact that reducing rolling noise is the most effective abatement measure is in line with the general principle that reducing noise (and many other environmental exposures) is best done at the source. Tire/ road noise is not the only noise source from road traffic, but it is the most important one. Introducing low-noise tires will gradually reduce the rolling noise everywhere, and the rate of introduction and the difference in terms of noise emission compared to normal tires will determine the final result. Low-noise pavements will be an immediate improvement at road links where it is introduced, and the main limitations are the possible rate of repaving and the total amount of road links that can be repaved.
Tire/road noise is most important at high speeds, and road links with high speeds and high traffic flows generate high noise levels. When reducing tire/road noise, the greatest reduction in exposure is seen at the higher noise levels. For scenario c) quiet tires the number of exposed in the category 60 -65 dB is reduced by 27% compared to the business as usual scenario.
A limitation of the present study was that exposure was calculated as outdoor equivalent levels at the most exposed façade. The indoor noise level is typically more influenced by low frequencies, which makes the propulsion noise component more important in relative terms. There may also be a time trend in façade insulation; newer buildings should have better noise insulation in façade elements such as windows and ventilation installations. Many older buildings have also been renovated with better windows which in turn will result in lower indoor levels.
Another limitation of our study was that no attempt has been made to estimate noise levels indoors or at the shielded side of dwellings. Access to a quiet side of the dwelling is known to partly counter the negative effects of noise exposure, especially if the bedroom is located on this side (Öhrström et al., 2006) . Indoor levels are obviously an important part of the total noise exposure, but they are difficult to predict on a city-wide scale. For future research it would be interesting to study if there is a time trend in access to quiet sides, and also to study a scenario where all new buildings have access to a quiet side. Any effort towards accurately estimating indoor levels on a large scale would also be an important step forward.
Our calculations were based on data for a medium sized Swedish city. The results may differ somewhat for cities depending on the traffic situation and the structure of the city, but the main finding that addressing the tire/road noise source would have the largest impact would still be valid.
Other important aspects for future research includes looking at dwellings exposed to other noise sources such as railway traffic, air traffic and industrial noise, as well as investigating the effects of combined exposure from several sources. A more complete noise mapping would also make it possible to investigate scenarios for modal shift, for example the impact on noise exposure of moving a number of travels from road to railway.
An important aspect when comparing different modes of transport is that not only does the noise exposure per transported passenger or ton of cargo change, but the noise generated by the different transport modes will have different impacts. In terms of annoyance it is well known that aircraft noise and road traffic noise are more annoying than railway noise at the same level (Miedema and Oudshoorn, 2001) , but a recent study shows that noise not typically modeled for railways, such as rattle and squeal, may affect this relation (Licitra et al., 2016) . For long term health effects there are also differences between the transport modes (van Kempen et al., 2017) .
In conclusion, the present study shows that measures taken at the tire/road source, such as low-noise tires or low-noise pavements, are the most effective for reducing noise exposure. Reducing the speed is also relatively efficient. Traffic reductions would have to be very dramatic to achieve substantial noise reductions, and electrification of the vehicle fleet would only lower the propulsion noise, unless it is combined with changes regarding tires or pavements. 
